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HypertensionAbstract Background: High salt intakes are associated with a greater incidence of strokes and car-
diovascular events. Increased dietary salt for a long time impairs endothelial function. However, the
immediate effect of only one high salt meal is not fully elucidated.
Aim of study: To detect vascular responses of a group of healthy adults to a single high-salt meal.
Subjects and methods: 63 volunteers (35 male and 28 female) aged 21–40 years were subjected to
measurement of office blood pressure, plasma sodium, flow mediated dilatation and both resistive
(RI) and pulsatility (PI) indices of renal as well as carotid arteries at baseline (fasting 8 h over night
and only water is allowed) and 60 min after consumption of high sodium soup containing 4 g salt
(equal to 68 mmol Na).
Results: There is significant increase in FMD as well as the resistive and pulsatility indices of both
the carotid and femoral arteries after ingestion of the test meal compared to before meal
(P< 0.001). Blood pressure is increased in the post-prandial phase but no correlation detected with
these parameters (P= 0.89, 0.61 & 0.73 for carotid, 0.43 & 0.74 for renal). Plasma sodium
increased after high salt meal (mean ± SD= 1.32 ± 0.83) and correlated with carotid PI
(P= 0.0001).
Conclusion: High salt intake may acutely impair vascular function in different vascular beds inde-
pendent of the increase of blood pressure. Plasma sodium increase may be one of the underlying
mechanisms.
 2015 The Author. Production and hosting by Elsevier B.V. on behalf of Egyptian Society of Cardiology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).1. Introduction
Metabolic abnormalities in the postprandial state are known
to contribute to endothelial dysfunction and atherosclerosis
progression in healthy people.1
It has become increasingly clear that high dietary salt
intakes are associated with a greater incidence of strokes andcardiovascular events2 that is independent of its well-known
ability to increase arterial pressure in some individuals.3
Endothelial dysfunction that is considered to be an initial
step in the development of atherosclerosis4, has been reported
with chronic higher salt intakes.5 Recently, it was proved that
high salt diet impairs brachial artery FMD to a similar extent
in adults with salt sensitive blood pressure and salt resistant
blood pressure.6
Increased vascular stiffness is an early change in atheroscle-
rosis.7 An increase in the pulsatility index (PI) has been sug-
gested to reflect distal vascular resistance.8
Fig. 1 Ultrasonographic measurement of brachial artery
diameter.
160 M.A.K. Abdel WahabThe resistive index (RI) of the carotid artery which is a
hemodynamic parameter that depends on the degree of vascu-
lar resistance can be assessed as a surrogate marker of general-
ized atherosclerosis9 while the carotid pulsatility index (PI) was
shown to be associated with several diseases such as microan-
giopathy in cerebral vessels10,11 and significantly correlated
with Framingham risk scores in subjects with hypertension.11
Furthermore, systemic artery stiffness is correlated with caro-
tid artery stiffness.12
Intrarenal resistance indices are a complex integration of
arterial compliance, pulsatility, and peripheral resistance. They
are associated with traditional cardiovascular risk factors as
well as with subclinical atherosclerotic vessel damage.13 The
pulsatility index (PI) and the resistive index (RI) are used as
pulsed-wave Doppler measurements of downstream renal
artery resistance.14 Recently, renal resistive index is considered
as a marker of systemic vascular changes.15
However, the acute effect of single high salt diet is not fully
elucidated.
2. Aim of the work
To detect vascular responses of a group of healthy adults to a
single high-salt meal.
3. Subjects and methods
This study was carried out in cardiology department at El
Minya University Hospital, Minya, Egypt, over the period
between December 2013 and March 2015.
63 volunteers (35 males and 28 females) aged 21–40 years
were recruited and included in this study after giving written
informed consent.
Inclusion criteria were body mass index (BMI; in kg/m2)
P18 and 625, systolic BP (SBP) <130 mm Hg, and diastolic
BP (DBP) <90 mm Hg.
4. Exclusion criteria
Exclusion criteria included atherosclerotic complications such
as stroke and myocardial infarction; those undergoing
hemodialysis, patients with peripheral vascular disease, malig-
nancy, infections, hypertensive and diabetic patients were
excluded.
All subjects were subjected to measurement of office blood
pressure, plasma sodium, flow mediated dilatation and both
resistive and pulsatility indices of renal as well as carotid arter-
ies at baseline (fasting 8 h over night and only water is allowed)
and 60 min after consumption of high sodium soup (prepared
by member of public health and preventive medicine) contain-
ing 4 g salt (equal to 68 mmol Na).
Measurement of blood pressure (BP): seated BP was mea-
sured with an automated sphygmomanometer while fasting.
Four consecutive BP measurements were taken 1 min apart.
The first reading was discarded, and the mean of the next 3
consecutive readings with SBP readings within 10 mm Hg
and DBP within 5 mm Hg of each other was taken as the fast-
ing measurement. Blood pressure measurement was repeated
60 min after consumption of test meal.16Endothelial function: to assess endothelial function non-
invasively with B-mode ultrasound, conduit vessel
endothelium-dependent vasodilatation was induced by reactive
hyperemia, while endothelium-independent vasodilatation was
induced by administration of sublingual nitroglycerine (glyc-
eryl trinitrate; GTN).17
Measurements were made of changes in the diameter of the
brachial artery using a pulsed wave Doppler with 7 MHz
probe. The ultrasound examination was performed in quiet
room at temperature between 21 C and 32 C. Subjects rested
in a supine position for 15 min before examination. A B-mode
scan was obtained of the right brachial artery in longitudinal
section. A resting measurement was taken and called pre-
flow mediated dilatation (pre-FMD), and a pneumatic cuff
was then inflated to a pressure of 200 mm Hg for 5 min, then
the diameter of the artery was recorded again 45–60 s after
deflation (post-FMD) (Fig. 1). A period of 15 min was allowed
for recovery before testing for endothelium-independent relax-
ation. A repeat baseline measurement of the diameter was
taken before a 400 ug dose of sublingual GTN spray
was administrated (pre-GTN). The brachial artery diameter
was again measured 3–4 min after the GTN was given (post-
GTN).18
FMD, GTN, and dilatation ratio were calculated as
follows:
FMD= (Post-FMD  Pre-FMD)/Pre-FMD  100.
GTN MD%= (Post-GTN  Pre-GTN)/Pre-
GTN  100.
Dilatation ratio = FMD/GTN MD%  100.
Duplex examination of the carotid arteries: ultrasound
examination was performed while the patient was in a supine
position. In all patients, routine carotid US examinations
including gray-scale and color and pulsed Doppler ultrasound
examinations of the left and right common carotid arteries
(CCAs) and internal carotid arteries (ICAs) were conducted.
All measurements were made by using angle correction. The
peak systolic velocity (PSV), end-diastolic velocity (EDV),
resistive index (RI), and pulsatility index (PI) were
calculated.19
As regards the duplex examination of the renal arteries:
duplex examination of both renal arteries with measurement
Table 1 Effect of high salt meal.
Before meal After meal P value
Renal artery RI
Range (0.5–0.72) (0.53–0.74) <0.001*
Mean ± SD 0.62 ± 0.05 0.64 ± 0.05
Renal artery PI
Range (0.64–1.14) (0.66–1.27) <0.001*
Mean ± SD 0.92 ± 0.09 0.96 ± 0.11
Carotid artery RI
Range (0.45–0.69) (0.47–0.75) <0.001*
Mean ± SD 0.61 ± 0.04 0.63 ± 0.05
Carotid artery PI
Range (0.59–1.09) (0.6–1.2) <0.001*
Mean ± SD 0.9 ± 0.09 0.96 ± 0.11
FMD
Range (5.33–34.15) (4.36–31.45) <0.001*
Mean ± SD 15.91 ± 7.28 14.11 ± 6.37
SBP (mm Hg)
Range (112–136) (115–138) <0.001*
Mean ± SD 124.53 ± 6.56 126.53 ± 6.27
DBP (mm Hg)
Range (63–90) (65–94) <0.001*
Mean ± SD 77.71 ± 4.84 80 ± 4.73
MAP (mm Hg)
Range (80.33–103) (82.67–107.67) <0.001*
Mean ± SD 93.32 ± 4.6 95.51 ± 4.49
Na (mmol/dl)
Range (135–140) (136–141) <0.001*
Mean ± SD 136.81 ± 1.11 138.61 ± 1.44
RI: resistive index, PI: pulsatility index, Na: plasma sodium level,
FMD: flow mediated dilatation, SBP: systolic blood pressure, DBP:
diastolic blood pressure, MAP: mean blood pressure.
* Significant.
A single high salt meal 161of the resistive and pulsatility indices of the segmental and
interlobar arteries using the standard technique.20
The resistive and pulsatility indices of the carotid and renal
arteries were calculated according to the following equations
20:
Resistive index = peak systolic velocity  end diastolic
velocity/peak systolic velocity.
Pulsatility index = peak systolic velocity  end diastolic
velocity/mean waveform velocity.
5. Statistical method
The collected data were coded, tabulated, and statistically ana-
lyzed using SPSS program (Statistical Package for Social
Sciences) software version 20. Descriptive statistics were done
for numerical data by mean, standard deviation, minimum and
maximum of the range, while they were done for categorical
data by number and percentage.
Analyses were done for quantitative variables using paired
sample t test for parametric data within the group. Chi square
test was used for qualitative data between groups when the cell
contains more than 5.Correlation between two quantitative variables was done
by using Pearson’s correlation coefficient: Correlation coeffi-
cient: weak (r= 0–0.24), fair (r= 0.25–0.49), moderate
(r= 0.5–0.74), strong (r= 0.75–1).
The level of significance was taken at P value 6 0.05.
6. Results
There is significant increase in FMD (P< 0.001) as well as the
resistive (P< 0.001) and pulsatility (P< 0.001) indices of
both the carotid and femoral arteries after ingestion of the test
meal compared to before meal (Table 1). Systolic blood pres-
sure (P< 0.001), diastolic blood pressure (P< 0.001) and
mean blood pressure (P< 0.001) are also significantly
increased after meal compared to before meal (Table 1). The
level of plasma sodium is significantly increased after meal
(P< 0.001) (Table 1). The percent of increase in each param-
eter are shown in Table 2.
There is no correlation between the percent of increase in
blood pressure and FMD (P= 0.894), resistive (P= 0.436
& 0.616 for renal and carotid respectively) or pulsatility indices
(P= 0.747 & 0.730 for renal and carotid respectively) (Table 3)
which indicates that the increase detected in these parameters
is independent of the increase of blood pressure.
Results of this study revealed significant correlation
between the percent of plasma sodium increase and carotid
pulsatility index (P= 0.0001) (Table 4 and Fig. 2).
7. Discussion
This study showed that only one meal containing high amount
of salt impairs endothelial function 60 min after consuming it
in healthy subjects. This meal also significantly increased pul-
satility and resistive indices of both renal and carotid arteries.
Although systolic and mean blood pressure were significantly
increased after this high salt meal, no significant correlation
between the percent of increase of blood pressure and percent
of increase of FMD, PI or RI denoting that high salt meal
exerts these deleterious effects independent on blood pressure
increase.
High salt intake was documented to play a role in endothe-
lial dysfunction, cardiovascular structure and function, albu-
minuria and kidney disease progression, and cardiovascular
morbidity and mortality in the general population.21
The acute effect of salt in this study is consistent with pre-
vious study in young healthy volunteers which showed that salt
loading of 250 mmol/d (14.7 g salt) for 5 days impaired the
endothelium-dependent response to acetylcholine.5 Further-
more, previous studies revealed that salt intake impairs
endothelial function in few days.5,9,22
Results of this study revealed that high salt meal did these
effects by mechanism rather than blood pressure rise. These
findings also are consistent with previous studies which found
the deleterious effect of dietary salt on endothelial function
and arterial stiffness independent of blood pressure.3,23,24
Furthermore, Dickinson et al. studied the effect of high salt
meal on augmentation index (AIx) as a measure of arterial
stiffness and marker of endothelial function and concluded
that AIx was significantly increased following the high sodium
meal in spite of no significant effect on blood pressure.25 More-
over, Cavka et al. confirmed that even one week of high salt




Mean ± SD 4.19 ± 3.28
Renal PI percent
Range (0–25)
Mean ± SD 4.81 ± 4.93
Carotid RI percent
Range (0–17.19)
Mean ± SD 3.44 ± 3.17
Carotid PI percent
Range (0–23.6)
Mean ± SD 6.61 ± 5.36
FMD percent
Range (0–34.1)
Mean ± SD 11.59 ± 7.17
SBP percent
Range (0–15.38)
Mean ± SD 1.93 ± 2.32
DBP percent
Range (0–11.84)
Mean ± SD 3.13 ± 2.62
Na percent
Range (0–2.96)
Mean ± SD 1.32 ± 0.83
MAP percent
Range (0–13.38)
Mean ± SD 2.58 ± 2.16
RI: resistive index, PI: pulsatility index, Na: plasma sodium level,
FMD: flow mediated dilatation, SBP: systolic blood pressure, DBP:
diastolic blood pressure, MAP: mean blood pressure.














R 0.146 0.057 0.054 0.022 0.122
P 0.280 0.671 0.694 0.869 0.363
DBP
percent
R 0.043 0.100 0.073 0.061 0.118
P 0.746 0.451 0.587 0.645 0.368
MAP
percent
R 0.104 0.043 0.068 0.046 0.018
P 0.436 0.747 0.616 0.730 0.894
RI: resistive index, PI: pulsatility index, Na: plasma sodium level,
FMD: flow mediated dilatation, SBP: systolic blood pressure, DBP:
diastolic blood pressure, MAP: mean blood pressure.














R 0.058 0.039 0.098 0.646** 0.185
P 0.659 0.766 0.458 0.0001 0.151
RI: resistive index, PI: pulsatility index, Na: plasma sodium level,
FMD: flow mediated dilatation.
** Highly siginificant.
Fig. 2 Correlation between percent of increase of plasma sodium
and increase of carotid PI.
162 M.A.K. Abdel Wahabdiet significantly altered microvascular reactivity in young
healthy normotensive and salt-resistant women that is pressure
independent, but is a consequence of unique effect of high salt
diet on endothelial function.22
One of the chief results in this study is the significant corre-
lation between percent of plasma sodium level and percent ofincrease in carotid PI that demonstrates the alteration in
plasma sodium as a mechanism of these deleterious vascular
effects of salt.
These findings are supported with previous two studies
done on cultured endothelial cells26,27 and have shown that
increasing plasma sodium concentrations within a physiologic
range stiffens human and bovine endothelial cells and reduces
nitric oxide production.
The lack of correlation between percent of plasma sodium
increase and other parameters included in this study namely
FMD and RI denotes that these changes may be caused by
several other mechanisms. Previous experimental study found
that salt loading increases the activation of sympathetic ner-
vous system in hypertensive rats.28 Moreover, increased
plasma renin activity29 in the post-prandial phase may increase
peripheral vascular resistance and may mediate decreased
vasodilatation in vascular beds. Furthermore, it was demon-
strated that short-term high salt intakes have been shown to
similarly produce reductions in nitric oxide30 and increase
asymmetric dimethylarginine (ADMA) production (an
endogenous nitric oxide inhibitor)31
8. Conclusion
High salt intake may acutely impair vascular function in differ-
ent vascular beds such as endothelial dysfunction and
increased carotid and renal arteries stiffness. These changes
A single high salt meal 163occurred independent of the increase of blood pressure. This
study detected that increase of plasma sodium plays a role in
these changes.
9. Limitation
A limitation of the current study was that repeated postpran-
dial measurements of FMD, PI, and RI are needed at longer
intervals such as 90 min, 120 min and so on to detect the time
needed for these parameters to regain its pre-prandial values.
Conﬂict of interest
We have no conflict of interest.
References
1. Ebenbichler CF, Kirchmair R, Egger C, Patsch JR. Postprandial
state and atherosclerosis. Curr Opin Lipidol 1995;6:286–90.
2. Strazzullo P, D’Elia L, Kandala NB, Cappuccio FP. Salt intake,
stroke, and cardiovascular disease: meta-analysis of prospective
studies. BMJ 2009;339:b4567.
3. Boegehold MA. The effect of high salt intake on endothelial
function: reduced vascular nitric oxide in the absence of hyper-
tension. J Vasc Res 2013;50(6):458–67. http://dx.doi.org/10.1159/
000355270. Epub 2013 Oct 26.
4. Ross R. The pathogenesis of atherosclerosis: a perspective for the
1990s. Nature 1993;362:801–9.
5. Tzemos N, Lim PO, Wong S, Struthers AD, MacDonald TM.
Adverse cardiovascular effects of acute salt loading in young
normotensive individuals. Hypertension 2008;51:1525–30.
6. Matthews EL, Brian MS, Ramick MG, Lennon-Edwards S,
Edwards DG, Farquhar WB. High dietary sodium reduces
brachial artery flow-mediated dilation in humans with salt-
sensitive and salt-resistant blood pressure. J Appl Physiol
2015;118(12):1510–5. http://dx.doi.org/10.1152/japplphys-
iol.00023.2015. Epub 2015 Apr 2.
7. Ter Avest E, Stalenhoef AF, de Graaf J. What is the role of non-
invasive measurements of atherosclerosis in individual cardiovas-
cular risk prediction? Clin Sci 2007;112:507–16. http://dx.doi.org/
10.1042/CS20060228.
8. Park KY1, Chung PW, Kim YB, Moon HS, Suh BC, Yoon WT.
Increased pulsatility index is associated with intracranial arterial
calcification. Eur Neurol 2013;69(2):83–8. http://dx.doi.org/
10.1159/000342889. Epub 2012 Nov 1.
9. Frauchiger B, Schmid H, Roedel C, Moosmann P, Staub D.
Comparison of carotid arterial resistive indices with intima-media
thickness as sonographic markers of atherosclerosis. Stroke
2001;32:836–41. http://dx.doi.org/10.1161/01.STR.32.4.836.
10. Fukuhara T, Hida K. Pulsatility index at the cervical internal
carotid artery as a parameter of microangiopathy in patients with
type 2 diabetes. J Ultrasound Med 2006;25(5):599–605.
11. Lee MY, Wu CM, Chu CS, Lee KT, Sheu SH, Lai WT.
Association of carotid hemodynamics with risk of coronary heart
disease in a Taiwanese population with essential hypertension. Am
J Hypertens 2008;21(6):696–700. http://dx.doi.org/10.1038/
ajh.2008.160. Epub 2008 Apr 10.
12. Koivistoinen T, Virtanen M, Hutri-Ka¨ho¨nen N, Lehtima¨ki T, Jula
M, Juonala M, et al. Arterial pulse wave velocity in relation to
carotid intima-media thickness, brachial flow-mediated dilation
and carotid artery distensibility: the Cardiovascular Risk in Young
Finns Study and the Health 2000 Survey. Atherosclerosis
2012;220:387–93. http://dx.doi.org/10.1016/j.atherosclerosis.2011.
08.007.13. Heine GH, Gerhart MK, Ulrich C, Ko¨hler H, Girndt M. Renal
Doppler resistance indices are associated with systemic atheroscle-
rosis in kidney transplant recipients. Kidney Int 2005;68(2):878–85.
14. Petersen LJ1, Petersen JR, Talleruphuus U, Ladefoged SD,
Mehlsen J, Jensen HA. The pulsatility index and the resistive
index in renal arteries. Associations with long-term progression in
chronic renal failure. Nephrol Dial Transplant 1997;12(7):1376–80.
15. Geraci G, Mule` G, Mogavero M, Geraci C, D’Ignoti D,
Guglielmo C, et al. Renal haemodynamics and severity of carotid
atherosclerosis in hypertensive patients with and without impaired
renal function. Nutr Metab Cardiovasc Dis 2015 Feb;25(2):160–6.
http://dx.doi.org/10.1016/j.numecd.2014.10.008. Epub 2014 Oct
24.
16. Dickinson KM1, Clifton PM, Keogh JB. Endothelial function is
impaired after a high-salt meal in healthy subjects. Am J Clin Nutr
2011;93(3):500–5. http://dx.doi.org/10.3945/ajcn.110.006155. Epub
2011 Jan 1.
17. Yim SF, Lau TK, Sahota DS, et al. Prospective randomized study
of the effect of ‘‘add-back” hormone replacement on vascular
function during treatment with gonadotropin-releasing hormone
agonists. Circulation 1998;98:1631–5.
18. Tam LS, Fan B, Li EK, et al. Patients with systemic lupus
erythematosus show increased platelet activation and endothelial
dysfunction induced by acute hyperhomocysteinemia. J Rheumtol
2003;30(7):1479–84.
19. Lee VS, Hertzberg BS, Workman MJ, et al. Variability of Doppler
US measurements along the common carotid artery: effects on
estimates of internal carotid arterial stenosis in patients with
angiographically proved disease. Radiology 2000;214(2):387–92.
20. Krejza J, Ustymowicz A, Szylak A, Tomaszewski M, Hryniewicz
A, Jawad A. Assessment of variability of renal blood flow Doppler
parameters during the menstrual cycle in women. Ultrasound
Obstet Gynecol 2005;25(1):60–9.
21. Aaron KJ, Sanders PW. Role of dietary salt and potassium intake
in cardiovascular health and disease: a review of the evidence.
Mayo Clin Proc 2013;88(9):987–95. http://dx.doi.org/10.1016/
j.mayocp.2013.06.005. Review.
22. Cavka A, Rasic L, Cosic A, Jukic I, Drenjancevic I. Acute salt
loading affects vascular function without significant changes in
body fluid status and body composition in young healthy women.
J Hypertens 2015;33(Suppl. 1):e101. http://dx.doi.org/10.1097/01.
hjh.0000467621.07343.69.
23. Sanders PW. Vascular consequences of dietary salt intake. Am J
Physiol Renal Physiol 2009;297(2):F237–43. http://dx.doi.org/
10.1152/ajprenal.00027.2009 Epub 2009 Apr 1.
24. Edwards DG1, Farquhar WB. Vascular effects of dietary salt.
Curr Opin Nephrol Hypertens 2015;24(1):8–13. http://dx.doi.org/
10.1097/MNH.000000000000008.
25. Dickinson KM, Clifton PM, Burrell LM, Barrett PH, Keogh JB.
Postprandial effects of a high salt meal on serum sodium, arterial
stiffness, markers of nitric oxide production and markers of
endothelial function. Atherosclerosis 2014;232(1):211–6. http://dx.
doi.org/10.1016/j.atherosclerosis.2013.10.032. Epub 2013 Nov 20.
26. Li J, White J, Guo L, et al. Salt inactivates endothelial nitric oxide
synthase in endothelial cells. J Nutr 2009;139:447–51.
27. Oberleithner H, Riethmuller C, Schillers H, MacGregor GA, de
Wardener HE, Hausberg M. Plasma sodium stiffens vascular
endothelium and reduces nitric oxide release. Proc Natl Acad Sci
USA 2007;104:16281–6.
28. Ozaykan B, Dog˘an A. Effects of salt loading on sympathetic
activity and blood pressure in anesthetized two-kidney, one clip
hypertensive rats. Bosn J Basic Med Sci 2011;11(4):228–33.
29. Jansen RW, Lipsitz LA. Postprandial hypotension: epidemiology,
pathophysiology, and clinical management. Ann Intern Med
1995;122:286–95.
30. Dishy V, Sofowora GG, Imamura H, et al. Nitric oxide produc-
tion decreases after salt loading but is not related to blood pressure
164 M.A.K. Abdel Wahabchanges or nitric oxide-mediated vascular responses. J Hypertens
2003;21:153–7.
31. Fujiwara N, Osanai T, Kamada T, Katoh T, Takahashi K,
Okumura K. Study on the relationship between plasma nitrite andnitrate level and salt sensitivity in human hypertension: modula-
tion of nitric oxide synthesis by salt intake. Circulation
2000;101:856–61.
